Corynebacterium glutamicum accumulates glycine betaine under conditions of high osmolarity. Previous work revealed the existence of a high-affinity glycine betaine permease which is osmotically regulated. In the present study, the corresponding gene was cloned. The betP gene, encoding the glycine betaine uptake carrier, was isolated by heterologous complementation of mutant strain Escherichia coli MKH13. From sequence analysis it is predicted to encode a protein of 595 amino acids. This protein shares 36% identity with the choline transport system BetT and 28% identity with the carnitine transport system CaiT of E. coli, as well as 38% identity with a protein with an unknown function from Haemophilus influenzae. Analysis of hydropathy indicated a common structure for all four transport proteins. After heterologous expression of betP in E. coli MKH13, the measured K m values for glycine betaine and the cotransported Na ؉ were similar to those found in C. glutamicum, whereas the modulation of activity by osmotic gradients was shifted to lower osmotic values.
The gram-positive soil bacterium Corynebacterium glutamicum regularly encounters osmotic changes in its natural habitat. Because of frequent variations in the availability of water, effective adaptation reactions are required to prevent cell lysis or dehydration. Osmotic conditions also change significantly during fermentation processes in which C. glutamicum is used for industrial production of amino acids such as glutamate, lysine, and isoleucine. To overcome hyperosmotic stress, in general, bacteria accumulate osmoprotective solutes (7, 35) , the most widespread being glycine betaine. The mechanism of osmoregulation has been most intensively studied in the gramnegative bacteria Escherichia coli and Salmonella typhimurium (3, 4, 14, 24) . As a primary response to an osmotic upshift, K ϩ ions and glutamate are accumulated (2) . In a second step, these substances are replaced by neutral compatible solutes such as glycine betaine, proline, and trehalose (6, 21) . E. coli possesses two transport systems for glycine betaine, ProU, a binding protein-dependent system, and ProP, a secondary transport system (8, 13) . In contrast, the situation in grampositive bacteria is not as well understood (15, 17, 26) . Similar to the situation in enterobacteria, Bacillus subtilis initially accumulates K ϩ ions, which are subsequently replaced by proline and glycine betaine (18) . Uptake of glycine betaine is known to be mediated by the binding protein-dependent transport system OpuA (18) . Also, Staphylococcus aureus accumulates glycine betaine and proline as major osmoprotectants (1) . Two feedback-regulated proline uptake systems, a low-affinity one and a high-affinity one, were identified in this organism (26, 30, 31) .
In C. glutamicum, transient Na ϩ accumulation as a first response to an osmotic upshift has been discussed (15) and glycine betaine, proline, and ectoine are known to be compatible solutes. Glycine betaine, the most effective osmoprotectant in this organism, is accumulated by a secondary transport system which is strongly regulated, mainly on the level of activity (12) . In the present study, we identified, isolated, and analyzed the structural gene encoding the glycine betaine permease of C. glutamicum.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The bacterial strains and plasmids used in this study are described in Table 1 . E. coli MKH13 was grown at 37ЊC either in Luria-Bertani medium (22) or in minimal medium (9, 22) containing 0.5% glucose, 0.04% arginine, 0.04% isoleucine, and 0.04% valine. C. glutamicum strains were grown in brain heart infusion medium (Difco, Detroit, Mich.) at 30ЊC.
General DNA techniques. Genomic DNA was isolated from C. glutamicum as described by Eikmanns et al. (11) . Plasmid DNA was isolated with the Qiagen plasmid kit (Qiagen, Hilden, Federal Republic of Germany [FRG] ). E. coli was transformed by using standard methods (5, 22) . Conjugation between E. coli S17-1 and C. glutamicum ATCC 13032 was carried out as described by Schäfer et al. (27) . Transconjugants were selected on brain heart infusion agar plates containing 25 mg of kanamycin per liter and 50 mg of nalidixic acid per liter.
DNA manipulations and sequence analyses. Restriction enzymes, DNA polymerase I (Klenow fragment), proteinase K, RNase, and T4 DNA ligase were obtained from Boehringer GmbH (Mannheim, FRG) or from Promega (Heidelberg, FRG) and used as instructed by the manufacturers. Restriction analysis was carried out by separation of the DNA fragments in 0.8% agarose gels. Fragments were isolated by use of Jetsorb (Genomed, Bad Oeynhausen, FRG). DNA sequencing was performed with the A.L.F. DNA sequencer from Pharmacia (Freiburg, FRG). Sequencing reactions were carried out with the AutoRead Sequencing kit (Pharmacia) as described by the manufacturer. For sequencing, appropriate subclones were constructed by use of the Erase-a-Base System (Promega).
Construction of a C. glutamicum genomic library. A genomic DNA preparation from C. glutamicum was partially digested with Sau3A. The resulting DNA fragments were ligated in plasmid pUC18 DNA digested with BamHI and dephosphorylated with shrimp alkaline phosphatase (USB, Bad Homburg, FRG). Ligation products were transformed in restriction-deficient Epicurian Coli XL1-BLUE MRFЈKAN cells (Stratagene, Heidelberg, FRG) to circumvent DNA degradation by the wild-type E. coli restriction system. The resulting colonies were pooled in groups of approximately 5,000 to 10,000 clones; plasmids were isolated from these and transformed in mutant strain E. coli MKH13. Transformants were selected on M9 minimal medium (GIBCO/BRL, Eggenstein, FRG) containing 0.8 M NaCl, 8 mM glycine betaine, 0.5% glucose, 50 mg of ampicillin per liter, 0.04% arginine, 0.04% isoleucine, and 0.04% valine.
Southern blot hybridization. Plasmid and genomic DNAs were digested with restriction endonucleases, and the resulting DNA fragments were separated by agarose gel electrophoresis and transferred to a nylon filter for hybridization with a digoxigenin-labeled 1.2-kb Nrul fragment. Hybridization and detection were performed with the Boehringer DIG DNA Labeling and Detection Kit as recommended by the manufacturer.
Synthesis of [ 14 C]glycine betaine. Synthesis of [ 14 C]glycine betaine by oxidation of [ 14 C
]choline (specific activity, 52 Ci/mol) with choline oxidase was performed basically as described by Landfald and Strøm (20) . To dilute the ethanolic [ 14 C]choline solution, the volume was increased to 500 l and 30 U of choline oxidase was used. [ 14 C]choline was purchased from Amersham International (Amersham, Buckinghamshire, United Kingdom).
Transport assays. C. glutamicum cells were grown overnight in brain heart infusion medium containing 0.5 M NaCl. After addition of 1% potassium acetate, cells were incubated for another 4 h and subsequently harvested as described previously (12) . The cells were washed with buffer containing 50 mM potassium phosphate (pH 7.5) and 10 mM NaCl, energized with 10 mM glucose, and osmotically stressed by addition of 625 mM sodium chloride and incubation for 3 min at 30ЊC. Uptake was started by adding [ 14 C]glycine betaine (approximately 0.1 Ci/ml of reaction mixture) at a final concentration of 200 M. Aliquots of 200 l were transferred to glass fiber filters (type F; 0.45-m pore size; Millipore, Eschborn, FRG) at intervals of 10 or 15 s. The cells were washed twice with 2.5 ml of a 0.1 M LiCl solution, and the radioactivity retained on the filters was determined by liquid scintillation counting.
E. coli cells, which were grown overnight in minimal medium (9) , were inoculated in fresh medium to an optical density at 600 nm of 0.05. If necessary, 0.2 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) and 0.3 M NaCl were added. Cells were harvested in the mid-log phase (optical density at 600 nm of 0.4 to 0.6), washed twice with the medium, and suspended to an optical density at 600 nm of 1. Subsequently, the cells were equilibrated for 3 min at 37ЊC and transport was initiated by adding [ 14 C]glycine betaine (approximately 0.1 Ci/ml of reaction mixture) at a final concentration of 200 M. For K m determination, the glycine betaine concentration was varied from 1 to 100 M. The K m of the cotransport ion Na ϩ was measured in 50 mM morpholine propanesulfonic acid (MOPS)-NaOH buffer (pH 7) containing 0.6 M sorbitol, 10 mM glucose, and 0.1 to 25 mM NaCl. Uptake was terminated by rapid filtration through glass fiber filters. The cells were washed twice with buffer containing 50 mM MgCl 2 and 0.5 M sucrose (25) . Radioactivity was determined by liquid scintillation counting.
Computer work. Computer-assisted nucleotide and protein sequence analyses were done with the PCGene program (release 6.26; Genofit, Geneva, Switzerland). For sequence similarity searches, the EMBL (Heidelberg, FRG) data bank program BLASTX was used. The protein sequence of the high-affinity choline transport system of Haemophilus influenzae (L46336) was from the GP data bank (National Institutes of Health, Washington, D.C.). Protein sequence alignment and protein secondary-structure analysis were done with the PHDhtm program (EMBL).
Nucleotide sequence accession number. The nucleotide sequence data reported here have been submitted to GenBank (EMBL) and assigned accession number X93514.
RESULTS

Complementation of E. coli MKH13.
A genomic DNA library of C. glutamicum was transformed into mutant strain E. coli MKH13, which lacks the transport systems BetT, PutP, ProP, and ProU and is additionally unable to synthesize glycine betaine from its precursor, choline (18) . In contrast to the parental strain, the mutant is not able to grow with highosmolarity media containing glycine betaine. The constructed C. glutamicum gene bank (see Materials and Methods) was transformed into strain MKH13, and approximately 5,000 resulting clones were tested for growth on high-osmolarity minimal medium containing 8 mM glycine betaine. Plasmids were isolated from complemented clones, tested again for complementation, and analyzed by agarose gel electrophoresis. The smallest complementing plasmid, designated pHP1, carried an insert of 4.2 kb. Southern hybridization experiments confirmed that the insert within pHP1 was derived from C. glutamicum ATCC 13032 genomic DNA and that no chromosomal rearrangements in the cloned DNA fragment had occurred ( Fig.  1 ). To identify the position and size of the gene encoding the glycine betaine uptake system on the cloned DNA fragment, subclones were constructed and tested for complementation. A 2.3-kb fragment was sufficient for growth on high-osmolarity medium containing glycine betaine; the corresponding plasmid was designated pHP2.
Functional expression of betP in mutant strain E. coli MKH13. The ability of clones with betP-carrying plasmids to grow on high-osmolarity minimal medium containing glycine betaine was expected to be related to the accumulation of the compatible solute. We therefore measured the [ 14 C]glycine betaine uptake activity of clone MKH13/pHP1. The observed uptake rate of 2.5 nmol ⅐ min Ϫ1 ⅐ (mg [dry weight]) Ϫ1 (Fig. 2a) is low compared to the V max of 110 nmol ⅐ min Ϫ1 ⅐ (mg [dry weight]) Ϫ1 of the wild-type C. glutamicum strain. To achieve higher uptake rates, we cloned the betP gene into expression vector pEKEX2 downstream a powerful tac promoter, leading to plasmid pHP3. As shown in Fig. 2b , strain MKH13/pHP3 was characterized by a high glycine betaine uptake rate of 32 nmol ⅐ min Ϫ1 ⅐ (mg [dry weight]) Ϫ1 under standard assay conditions.
To unequivocally correlate the BetP protein synthesized in E. coli with the previously described glycine betaine uptake system of C. glutamicum (12) , we measured the characteristic kinetic parameters of the transporter. The K m values obtained for both the transport substrate glycine betaine and the cotransported ion Na ϩ after heterologous expression in E. coli MKH13/pHP3 were found to be very similar to the values measured in C. glutamicum ATCC 13032 (Table 2 ). However, we found strikingly different osmotic regulation of betP when it was expressed in E. coli compared with the original situation in C. glutamicum. In C. glutamicum, the activity of the glycine betaine transport system was found to be strongly affected by the osmolarity of the medium used for the assay (12) . Measurement of the uptake activity in the presence of different NaCl concentrations showed an increasing rate, correlated with the increasing osmolarity of the medium and reaching a maximum value at 625 mM NaCl. Under all conditions, the Na ϩ concentration applied was far above the K m value of Na ϩ as the cotransported cation (12); thus, no direct kinetic effect can be the reason for these results. At higher osmolarities, the rate decreased, probably because of inhibitory effects of the high ion concentration. The same experiment, when performed with E. coli MKH13/pHP3, revealed a different result ( Fig. 3) . Uptake activity was already stimulated at lower osmolarity and, in contrast to that of C. glutamicum, already reached its maximum value at 200 mM external NaCl. At higher salt concentrations, a decrease in uptake activity was again found.
Construction of a C. glutamicum betP mutant strain. To further prove the presence of betP in C. glutamicum, a mutant strain was constructed by gene disruption. For this purpose, we ligated an internal gene fragment of 702 bp (XhoI-NruI) into the integration vector pEM1. This plasmid, pXM1, was introduced into C. glutamicum ATCC 13032 by conjugation. Kanamycin-resistant clones were selected, indicating that plasmid pXM1 was integrated into the chromosome by a single crossover event in betP. The resulting clone was designated BetP Ϫ . Integration of plasmid pXM1 was verified by Southern blotting (Fig. 1) . Subsequently, glycine betaine uptake was measured ( Fig. 4) . While a control strain, Amt Ϫ , carrying a pEM1-based gene disruption in the gene encoding the ammonia uptake system, was completely unaffected in glycine betaine uptake compared with wild-type ATCC 13032, BetP Ϫ showed a severely decreased uptake rate of only 9% of that of the wild type (10 nmol ⅐ min Ϫ1 ⅐ [mg {dry weight}] Ϫ1 ). Preliminary experiments provided evidence that an additional uptake system which accepts proline and also glycine betaine to some extent is responsible for the residual uptake activity (data not shown). When the betP mutant strain was subjected to a sudden osmotic upshift by addition of 1 M NaCl in the presence of glycine betaine, an additional lag time of about 1 h was observed compared with the wild type (results not shown), thus emphasizing the physiological relevance of this transport system for osmoprotection.
Sequence analysis of the betP gene. The nucleotide sequence of the entire 2.34-kbp insert within plasmid pHP2 was determined. Sequence analysis in all possible coding frames revealed only one major open reading frame, spanning positions 408 to 2254. The predicted translation initiation site shown in Fig. 5 is the first ATG within the open reading frame. Further potential codons for the translation start site are two GTG codons, 9 bp upstream and 33 bp downstream of the ATG, and two TTG codons, 33 bp upstream and 84 bp downstream of the ATG. Presuming initiation at the ATG codon, the C. glutamicum betP gene product would consist of 595 amino acids with a molecular mass of 64,209 Da. The hydropathy analysis of BetP predicts 12 transmembrane-spanning segments (compare Fig. 5 ). Interestingly, the protein possesses a hydrophilic, negatively charged N-terminal region and a hydrophilic, positively charged C-terminal region.
A search for related proteins revealed three proteins with significant sequence similarity: two secondary transport sys-tems of E. coli, BetT (36% identity) and CaiT (28% identity), and a protein with an unknown function encoded by a structural gene from H. influenzae (38% identity). BetT mediates the uptake of choline, a precursor in glycine betaine biosynthesis, and is known to be osmoregulated (19) , while CaiT, the transport system of carnitine, another compatible solute in E. coli, is not osmotically regulated (10) . The optimal alignment of the different proteins is shown in Fig. 5 . Besides one conserved domain of BetP, the H. influenzae transport system and BetT at amino acid positions 131 to 161, another domain at amino acid positions 371 to 394, which is conserved in all four transport systems, is striking. The functions of these domains are unknown.
DISCUSSION
In previous studies, we showed that glycine betaine is the most effective osmoprotectant in C. glutamicum, followed by ectoine and proline. The transport of glycine betaine is mediated by a secondary uptake system coupled to the transport of two Na ϩ ions and is strongly regulated on the level of activity (12) . In the present communication, we report the isolation of the betP gene encoding the glycine betaine transport system of C. glutamicum. Previously, only a low-affinity glycine betaine transport system in S. aureus which is regulated by a hyperosmotic shift was known; however, the gene encoding this protein is still unknown (26, 30) . The betP gene of C. glutamicum identified in this study is the first known gene encoding an osmotically stimulated secondary transport system in grampositive bacteria.
For functional studies, a betP disruption mutant of C. glu- FIG. 3 . Activation of the BetP glycine betaine uptake system expressed in E. coli MKH13 as a function of osmotic strength. Cells of MKH13/pHP3 were grown in minimal medium containing 0.2 mM IPTG, i.e., at low osmolarity. Uptake was measured in the presence of different external NaCl concentrations (F). For comparison, the regulation pattern of BetP in its original surrounding in C. glutamicum is also shown (⌬). tamicum was constructed which showed strongly decreased glycine betaine uptake. Furthermore, the betP gene was expressed in a glycine betaine uptake-deficient E. coli strain. The basic kinetic parameters of transport were similar to the corresponding values in C. glutamicum. Also, the regulation of BetP in E. coli on the level of activity was similar to that observed in C. glutamicum. The transport system was strongly activated by hyperosmotic stress in both organisms. Since it is not very likely that a regulatory protein responsible for activating BetP exists in E. coli, we concluded that the BetP protein might function not only as a carrier but also as a sensor of osmotic stress. This was also discussed for the transport system for glycine betaine and proline ProP of E. coli (7, 23) . Interestingly, the optimum of osmotic stimulation of BetP was drastically shifted to lower osmotic gradients when the protein was heterologously expressed in E. coli. This perfectly correlates with the significantly lower turgor pressure and the different membrane properties, e.g., a much less rigid outer membrane, of the gram-negative bacterium E. coli in comparison with gram-positive bacteria like C. glutamicum (6) . Strikingly, the optimum of osmotic activation of BetP, which is about 0.6 M externally added NaCl in C. glutamicum, becomes identical to that observed for the original E. coli system, ProP, i.e., about 0.1 to 0.2 M added NaCl (14) . The secondary-structure prediction of BetP leads to a protein with 12 transmembrane helices which represents a common structure for secondary transport systems (16) . BetP has significant sequence identity to the E. coli transport systems BetT and CaiT and to an H. influenzae protein with an unknown function. With the exception of CaiT, which is not osmotically regulated, all of these proteins share a hydrophilic carboxy-terminal extension, however, with differences in length. A comparable domain was also found in ProP, the secondary transport system for glycine betaine and proline in E. coli (8) . As shown for BetP, the ProP system is effectively regulated on the level of activity (14, 32) . It was suggested that the carboxy-terminal extension of ProP is associated with the ability to sense an osmoregulatory cellular signal (8) . Interestingly, besides the positively charged, hydrophilic C-terminal region, BetP additionally possesses a negatively charged, hydrophilic N-terminal domain. This domain is not found in the other known secondary transport systems for compatible sol- (34), both hydrophilic terminal regions should be located in the cytoplasm. In the view of the very effective regulation of BetP on the level of activity, which is significantly faster than the corresponding ProP system in E. coli, a regulatory function of both hydrophilic terminal regions may be supposed, possibly interacting to effectively activate the protein by sensing osmotic changes.
